There are two major kinds of biopolymers: polymers produced by biological systems (such as microorganisms) and chemically synthesized polymers based on biological feedstocks (amino acids, sugars, fats). In the past ten to fifteen years, biopolymer engineering has become one of the major interdisciplinary research areas. (Volova et al., 1992a (Volova et al., -c, 1996a Savelieva, 1979; Volova et al., 1985) and its fastgrowing strain, A.eutrophus B5786 (Stasishina, Volova, 1996) . These organisms can be grown on industrial sources of hydrogen that contain carbon monoxide (converted gas and coal and lignin gasification products) (Volova, Voinov, 2003 Volova et al., 2002 and carboxydobacteria (S. carboxydohydrogena Z1062) have been studied before (Volova et al., 1985 (Volova et al., , 1993 . The fact that CO produces no adverse effect on PHA synthesis system in CO-resistant cell cultures of hydrogen bacteria offers opportunities for producing these polymers from gaseous products derived from coal via thermal treatment, such as coal gasification products. However, syngas used for this purpose must conform to certain requirements and one of them is that its H 2 /CO ratio must amount to at least 3. The syngas must be free of carcinogenic tarry substances and any other biologically hazardous compounds.
. The main factors contributing to the prosperity of these companies are active marketing and promotion of products made from biodegradable polymers. Large-scale production and application of PHAs is impossible without reducing their cost. This can be achieved by using singlecarbon substrates (sugars, organic acids) and industrial wastes (from production of sugar and palm oil and hydrolysates of plant biomass).
International experts estimate potential cost of PHAs at US$ 4900 to 8300 per ton, depending on the type of feedstock, synthesis process, and production scale (Choi, Lee, 1999 (Tanaka et al., 1994; Sugimoto et al., 1999; Ishizaki, 2001) (Volova et al., 1992a (Volova et al., -c, 1996a and of the new species -the aerobic carboxydobacterium Seliberia carboxydohydrogena (Volova et al., 1994) . (Volova et al., 1990 (Volova et al., , 1992a (Volova, Kalacheva, 2005) . etc. (Tanaka еt al., 1994; Cromwick et al., 1996; Lee, 1998; Sugimoto et al., 1999) . There are also unconventional substrates, including toxic ones.
Hydrogen bacteria and synthesis of PHA
PHAs can be synthesized from the poorly soluble and toxic octane and octanoate, sodium benzoate, phenol, and methacrylic acid (Lee et al., 1997; Hazenberg, Witholt, 1997; Durner et al., 2000) .
Recently, more attention has been drawn to coals and coal products as substrates for biotechnological production (Fakoussa, Hofrichter, 1999) . Large reserves of coals and their relatively low cost make them very promising materials for the future large-scale industrial production of microbial bioplastics. It has recently been shown that the bacterium Pseudomonas oleovorans can synthesise PHA terpolymers poly(3-hydroxyhexanoate-co-3-hydroxydecanoate-co-3-hydroxydodecanoate) and Rhodobacter rubberpoly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymers on the media containing coal liquefaction products (mixtures of humic acids (Füchtenbuch, Steinbüchel, 1999) . Among hydrogen bacteria, there are unique organisms resistant to CO. This is the strain Alcaligenes eutrophus Z1 from Academician G.A. Zavarzin's collection at the Institute of Microbiology RAS (Savelieva, 1979; Volova et al., 1985) and its fastgrowing strain, A.eutrophus B5786 (Stasishina, Volova, 1996) . These organisms can be grown on industrial sources of hydrogen that contain carbon monoxide (converted gas and coal and lignin gasification products) (Volova, Voinov, 2003 Volova et al., 2002) .
Carbon monoxide is a respiratory poison. In microorganisms CO inactivates iron-containing enzymes of the electron transport chain. The type and the strength of the damaging impact of CO on hydrogen bacteria (A. eutrophus Z1)
and carboxydobacteria (S. carboxydohydrogena Z1062) have been studied before (Volova et al., 1985 (Volova et al., , 1993 . The fact that CO produces no adverse effect on PHA synthesis system in CO-resistant cell cultures of hydrogen bacteria offers opportunities for producing these polymers from gaseous products derived from coal via thermal treatment, such as coal gasification products. However, syngas used for this purpose must conform to certain requirements and one of them is that its H 2 /CO ratio must amount to at least 3. The syngas must be free of carcinogenic tarry substances and any other biologically hazardous compounds.
Moreover, the process of brown coal gasification must be economically acceptable.
The subsequent study addressed kinetic parameters of R. eutropha B5786 culture accumulating PHA on syngas and efficiency of substrate utilization under different gas supply conditions (Volova, Voinov, 2003 
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Synthesis of PHA heteropolymers
Synthesis of multi-component PHAs is a very complicated biotechnological task. To cope with it, one has to take into account a number of factors. First, fast-growing bacterial cultures, except Alcaligenes latus, cannot produce high PHA yields, and special growth conditions must be created to attain high polymer yields along with high total biomass production. Second, monomers differing in the number of carbon atoms cannot be incorporated into the polymer at the same rate, thus, in microorganism culture, fractions of monomers in PHA are unstable. and more) and the subsequent culture time, we determined the conditions for P(3HB-co-3HV) synthesis with 3HB:3HV monomer ratios varying within a wide range, from 9:1 to 1:9 (mol. %).
Thus, a high copolymer yield (>70-75 %) was achieved, and the resulting PHAs contained different percentages of the monomers (Volova, Kalacheva, 2005; Volova et al., 1996a) .
The subsequent studies were aimed at finding out whether the bacteria could synthesize PHA terpolymers, containing not only 3-hydroxybutyrate and 3-hydroxyvalerate but also longer-chain-length monomers. It is noteworthy that not long ago PHA synthases were considered to be highly substrate specific (Steinbüchel, Valentin, 1995) . Thus, wild strains were assumed to be unable to synthesize polymers containing both short-chain (C 3 -C 5 ) and medium-chain (C 6 -C 12 ) monomers. Cells grown on CO 2 and heptanoic acid synthesized polymers with 3HV and 3HB as major components. 3HHp inclusions were insignificant (<2 mol. %) and 3HHx and 3HO were registered irregularly and their amounts were very low.
The qualitative composition of the recovered polymers was similar to that of biomass subjected to methanolysis, varying depending on the culture duration. The polymer yield was similar to that in the experiment with valerate (more than 90 %).
The cells of the studied strains grown on CO 2 and salts of even-chain fatty acids synthesized PHA heteropolymers of different compositions.
With hexanoate added to the culture, both strains synthesized the PHA containing 3HV and medium-chain 3HH X as the major components. Based on this, we created such conditions of biosynthesis that allowed us to synthesize a series of PHA heteropolymers, some of them of the new chemical structure (Fig.1) . We recovered and purified the synthesized heteropolymers using optimized techniques, preparing high-purification specimens, and studied their physicochemical properties (Fig.2) . As the percentage of 3HHx increases, this affects PHA properties like 3HV does (as we determined earlier): the PHA remains thermoplastic (with a slight decrease in the melting point and the temperature for the onset of decomposition) and its crystallinity degree falls below 50 %; with 3HHx amounting to 50 % of the PHA, it is even lower -36 %.
By varying the conditions of carbon nutrition, including the main carbon substrate and its concentration, and the mode of feeding the supplementary substrate (γ-butyrolactone) into the culture, we managed to maximize the yields of the polymer and total biomass of Cupriavidus There are reports in the literature describing the addition of acetate, propionic acid and amino acids to the media containing γ-butyrolactone in order to increase 4HB content in the P(3HB-co-4HB) copolymer. The favourable effect of these additional carbon substrates on copolymer synthesis and the 3HB/4HB ratio can be attributed to the fact that utilization of these compounds is accompanied by an increase in the intercellular storage of acetyl-CoA, thus inhibiting the reaction of ketolysis of 4-hydroxybutyryl-CoA to 2 molecules of acetyl-CoA and leading to the increase in 4HB content in the storage and its incorporation into the copolymer (Lee et al., 2000) . In some studies 4HB fraction was increased to 60-80 mol. %, although the total polymer yield was low (< 45 % of dry weight) (Kimura et al., 1999; Lee et al., 2000; Kimura et al., 2008) . enhanced tolerance to γ-butyrolactone, was cultivated on γ-butyrolactone as a single carbon substrate, which resulted in higher 4HB content in the copolymer and shorter cultivation time.
It was shown that the incorporation of 4HB influences considerably (to a greater extent than the incorporation of 3HV or 3HHx) the ratio of crystalline to amorphous phase in the copolymer, significantly reducing its crystallinity. Crystallinity degrees of the P(3HB-co-4HB) copolymers containing 8.7 to 16 mol. % 4HB amounted to 43-44 %, and this was in good agreement with the data reported by other authors (Doi et al., 1990; Nakamura et al., 1992; Tsuge, 2002) . For instance, Mitomo et al. showed that crystallinity degrees of the copolymers with 4HB content of 19, 38 and 65 mol. % amounted to 40, 18 and 27 %, respectively. The authors assumed that the crystallinity degree of the copolymer is the lowest when the 4HB fraction amounts to 40-50 mol. % (Mitomo et al., 2001 ). Other authors, however, reported the lowest crystallinity degree, 17-18 %, for polymers with 4HB content of 78-82 mol. % (Saito, Doi, 1994) .
The melting temperature of the produced P(3HB-co-4HB) specimens were lower (168.9-172.5ºC) than that of poly(3-hydroxybutyrate) (180ºC). However, no relationship was found between 4HB content in the range from 8.7 mol. % to 17 mol. % and the melting point.
The decomposition temperature of copolymer specimens varied from 264ºC to 286ºC and did not depend on the content of 4HB. Literature data on the P(3HB-co-4HB) melting temperature are also contradictory. Some authors reported the melting points of the samples containing 7 mol. %, 11 mol. % and 15 mol. % 4HB as 173, 169 and 160.8ºС, respectively (Kunioka et al., 1989; Doi et al., 1990; Rao et al., 2010) , while in other studies the melting points of the specimens containing similar amounts of 4HB were considerably lower: 114ºС and 131.5ºС (Xie, Chen, 2008) . (Volova et al., 2003a (Volova et al., , 2006b . (Shishatskaya et al., 2001 (Shishatskaya et al., , 2002a (Shishatskaya et al., ,b, 2004 (Shishatskaya et al., , 2005 (Shishatskaya et al., , 2006 (Shishatskaya et al., , 2008 (Shishatskaya et al., , 2011 Volova et al., 2003a Volova et al., , b, c, 2006b Sevastianov et al., 2003) . (Shishatskaya et al., 2002a (Shishatskaya et al., , b, 2005 ).
An important property of PHAs is their processibility into special items from different phase states, using conventional techniques, without adding processing aids or plasticizers (Amass et al., 1998) 11.G34.31.0013).
